Abstract. Schwann cells have a unique role in regulating the growth of axons during regeneration and presumably during development. Here we show that Schwann cells are the best substrate yet identified for promoting process growth in vitro by peripheral motor neurons. To determine the molecular interactions responsible for Schwann cell regulation of axon growth, we have examined the effects of specific antibodies on process growth in vitro, and have identified three glycoproteins that play major roles. These are the Ca
ing the growth of axons during regeneration and presumably during development. Here we show that Schwann cells are the best substrate yet identified for promoting process growth in vitro by peripheral motor neurons. To determine the molecular interactions responsible for Schwann cell regulation of axon growth, we have examined the effects of specific antibodies on process growth in vitro, and have identified three glycoproteins that play major roles. These are the Ca 2+-independent cell adhesion molecule (CAM), L1/Ng-CAM; the Ca2+-dependent CAM, N-cadherin; and members of the integrin extracellular matrix receptor superfamily. Two other CAMs present on neurons and/or Schwann cells-N-CAM and myelin-associated glycoprotein-do not appear to be important in regulating process growth. Our results imply that neuronal growth cones use integrin-class extracellular matrix receptors and at least two CAMs-N-cadherin and L1/Ng-CAM-for growth on Schwann cells in vitro and establish each of these glycoproteins as a strong candidate for regulating axon growth and guidance in vivo.
central question in developmental neuroscience concerns the mechanisms of axonal growth and guidance during embryogenesis, and the related mechanisms of axonal regeneration after injury. Both processes must involve recognition of surface and secreted molecules of nonneuronal cells by specific receptors on neuronal growth cones (Bentley and Caudy, 1983; Raper et al., 1984; McMahan et al., 1980) . Experimental evidence suggests that, among vertebrate nonneuronal cells, Schwann cells are unique in their ability to stimulate growth and regeneration. Grafts of peripheral nervous tissue allow regeneration of central nervous system neurons, and it is likely that Schwann cells mediate this effect (Aguayo et al., 1987; Hall, 1986; Kromer and Cornbrooks, 1986) . Other nonneuronal cell types, such as fibroblasts and astrocytes, seem unable to stimulate such regeneration (see Kromer and Cornbrooks, 1986) . Schwann cells may also play an important role in axon growth during development. There is evidence that Schwann cells normally precede motor axons into chick limbs (Noakes and Bennett, 1987) , and that their absence can lead to failure of the axons to invade the limb (Carpenter, E. M., and M. Hollyday, unpublished observations). The ability of Schwann cells to promote growth and regeneration persists in vitro, where they have been shown to be excellent substrates for neurite growth (Fallon, 1985; Tomaselli et al., 1986) . What are the molecular interactions that underlie the unusual ability of Schwann cells to stimulate growth? It has been clear for several years that macromolecules of the extracellular matrix (ECM) ~ can stimulate process outgrowth from a variety of neurons (e.g., Akers et al., 1981; Manthorpe et al., 1983; Rogers et al., 1983; Lander et al., 1982 Lander et al., , 1985 . These interactions are apparently mediated by neuronal surface proteins belonging to a family of adhesion receptor heterodimers known as integrins (Bozyczko and Horwitz, 1986; Tomaselli et al., 1986 Tomaselli et al., , 1987 Hynes, 1987; Ruoslahti and Pierschbacher, 1987) . When neurons grow on cellular substrates, cell surface adhesion molecules (CAMs) are also involved in neurite promotion Chang et al., 1987; Tomaselli et al., 1988; . In previous experiments, we have used a population of peripheral motor neurons, chick ciliary ganglion (CG) neurons, to define specific molecular interactions responsible for neurite growth on the surfaces of several nonneuronal cell types. Our results with CG neuron growth on myotubes, astrocytes, and fibroblasts indicate that (a) neurons interact specifically with the Ca++-dependent CAM, N-cadherin, and the Ca++-independent CAM, N-CAM, as well as ECM macromolecules to produce neurites; and (b) the interactions that are important vary with the nonneuronal cell under consideration (Tomaselli et al., 1986 . In particular, CG neuron growth on myotubes involves interactions with ECM macromolecules as well as N-cadherin and N-CAM, growth on astrocytes depends primarily on interactions involving N-cadherin and the ECM, and growth on fibroblasts depends largely on ECM interactions.
Schwann cells are known to produce an array of ECM molecules and CAMs including laminin (LN), collagen, N-cadherin, N-CAM, LI/Ng-CAM, cytotactin, and myelin-associated glycoprotein (MAG) Hatta et al., 1985; Noble et al., 1985; Nieke and Schachner, 1985; Crossin et al., 1986; Sternberger et al., 1979) . The experiments described in this report are directed towards defining which, if any, of these contribute to stimulation of process growth from peripheral motor neurons.
Materials and Methods

Animals
Fertile White Leghorn eggs were obtained from Feather Hill Farm (Petaluma, CA) and kept at 38°C and 95% humidity until use.
Chemicals and Reagents
Glial growth factor was partially purified (through the carboxymethyl-cellulose step) according to the procedures of Brockes et al. (1980) . Protein A-Sepharose was from Pharmacia Fine Chemicals (Piscataway, NJ). DEAEcellulose and carboxymethyl-cellulose were from Whatman Inc. (Clifton, N J). Rabbit complement was from Gibeo (Grand Island, NY). Forskolin was from Calbiochem-Behring Corp. (La Jolla, CA). All other chemicals were from Sigma Chemical Co. (St. Louis, MO).
Antibodies
Anti-N-cadherin serum was generated in rabbits against a 90-kD proteolytic fragment of an avian retinal Ca++-dependent CAM (Crittenden et al., 1987) . The serum recognizes a single 130-kD protein in one-and twodimensional immunoblots of retina and brain (Crittenden et al., 1987) . This 130-kD protein, previously named N-cal-CAM, is similar or identical to N-cadherin (Crittenden et al., 1988) . The generation and specificity of the anti-N-CAM serum has been described previously . Rabbit antiserum to rat MAG was produced as described (Salzer et al., 1987) and was the generous gift of Dr. Jim Salzer (New York University, New York). Fab fragments of a rabbit antibody to mouse L! were produced as described (Rathjen and Schachner, 1984) and were the generous gift of Dr. Fritz Rathjen (Max-Planck-Institute, Tiibingen, FRG) .
The hybridoma line secreting anti-integrin 13~ antibody (Neff et al., 1982; Buck et al., 1986) was the kind gift of Dr. Rick Horwitz (University of Illinois, Chicago, IL) and the hybridoma line secreting an anti-N-CAM antibody (224-1A6; Lemmon et al., 1982) was the kind gift of Dr. David Gottlieb (Washington University, St. Louis, MO). The hybridoma line secreting the A2B5 mAb was purchased from the American Type Culture Collection (Rockville, MD). Anti-Thy 1.1 IgG was purchased from New England Nuclear (Boston, MA).
224-1A6 IgG was purified from ascites fluid by ammonium sulfate precipitation and DEAE-cellulose chromatography as described in Hudson and Hay (1980) . Anti-integrin 13~ IgG was purifed on protein A-Sepharose as described in Neff et al. (1982) . Anti-N-CAM, anti-N-cadherin, and anti-MAG IgGs were purified as described in Hudson and Hay (1980) . Fab' fragments of anti-N-CAM and anti-N-cadherin IgG were prepared by pepsin digestion followed by reduction and alkylation as described in Brackenbury et al. (1977) .
Cell Culture
Schwann cells were prepared from neonatal rat sciatic nerve (Brockes et al., 1979) , and the first passage cells were the generous gift of Dr. Greg Lemke (Salk Institute, La Jolla, CA). These cells were >95% pure as judged by morphological criteria. Schwann cells were kept free of fibroblasts by treatment with anti-Thy 1.1 and rabbit complement. Briefly, cells were trypsinized, spun down, washed with Hepes-buffered DME/10% FCS, spun down, resuspended in 0.4 ml Hepes-buffered DME/IO% FCS with a 1:100 dilution of anti-Thy 1.1 IgG, and incubated for 20 min at 37°C. Rabbit complement (diluted 1:6) was added and the cells were incubated for a further 40 min at 37°C. The cells were brought to 5 ml with Hepes-buffered DME/ 10% FCS, spun down, resuspended, and plated. Schwann cells were grown on poly-D-lysine-coated dishes in DME with 10% FCS, 100 U/ml penicillin/streptomycin, 2 I.tM forskolin, and 12 I.tg/ml crude glial growth factor. These conditions optimize growth of Schwann cells as opposed to fibroblasts (Lemke, G., unpublished observations; cf. Porter et al., 1986) . For coculture with neurons, cells were passaged onto poly-o-lysine-coated glass coverslips and grown to confluence. CG neurons were prepared as described (Bixby and Reichardt, 1985) and plated onto the Schwann cell monolayers at a density of ",,50/mm 2 in the CG medium. Antibodies were diluted in medium, filtered through 0.22-1~m filters, and added to cultures at the same time as the neurons. Control cultures had medium diluted with PBS to the same extent as the most diluted antibody solution. CG neuron/chick embryo fibroblast cocultures and neuron/myotube cocultures were prepared as described (Bixby and Reichardt, 1985; Tomaselli et al., 1986) .
Analysis of Neurite Outgrowth
Neuron/Schwann cell cocultures and neuron/myotube cocultures were fixed and stained with A2B5 antibody as described . Neuron/flbroblast cocultures were fixed and stained as described (Tomaselli et al., 1986) . Analysis of neurite outgrowth was performed as described . Briefly, stained neurons (30 per condition) were traced with a drawing tube and a 63 x objective, and neurites were measured on a digitizing pad. For each neuron, the lengths of all neurites (>15 I.tm) were measured and these were added together to yield total neurite length. For each experimental condition, the neurite length data were combined with data on the percentage of neurons bearing neurites (>15 ~tm) to yield the final distribution curves. A neurite shorter than 15 p.m was not measured; neurons with no neurites longer than 15 lam were scored as negative for neurites. Distribution curves are plotted for individual experiments in Figs. 2 and 3; there is some variation in control length from experiment to experiment.
Results
CG neurons appear to extend processes far more rapidly on Schwann cells than on any other substrate examined. (Table  I) . When neurons were plated on Schwann cells and examined after 6-7 h, the total neuritic output of a neuron, on average, was 550 Ixm (Table I) , corresponding to an average rate of growth of 75 Ixm/h. CG neurons grew at ~50% of this rate on chick myotubes (35 lxm/h). The growth rate we measured on myotubes is essentially the same as that found by Role and Fischbach (1987) . These workers found a linear growth rate of 40 lxm/h for the first 72 h in culture, which suggests that the apparent growth rates we have determined with single Apparent growth rates were derived by dividing mean total neurite length by time in culture. The data from Role and Fischbach (1987) are from a graph of neurite length vs. time in culture; the rate was invariable for 3 d. The Schwann cell data are from six separate control determinations, the astrocyte data from four determinations, and the LN data from four determinations; the growth rates are the means + SEMs of these.
time points are valid. Table I also shows the apparent rate of growth of CG neurons on astrocytes and fibroblasts, as well as on LN, the most potent inducer of outgrowth among known ECM molecules (cf. Manthorpe et al., 1984; Rogers et al., 1983; Hall et al., 1987) . All of these growth rates are considerably lower than that on myotubes, but growth on astrocytes (',~18 lam/h) is significantly faster than on fibroblasts or purified LN (11-13 Ixm/h; p < 0.05, t test). The very high rate of growth of CG neurons on Schwann cells compared with other cell types suggests that CG neurons interact with Schwann cells in a unique fashion, possibly involving a molecular interaction not previously defined for other substrates. To identify the molecules mediating the interactions between CG neurons and Schwann cells that result in process outgrowth, neurons were grown on a monolayer of Schwann cells in the absence or presence of different antibodies. Since Schwann cells synthesize and accumulate on their surfaces several ECM proteins, including LN and collagen IV Carey et al., 1983) , it seemed likely that these would contribute to process outgrowth. Indeed, ECM molecules deposited by Schwann cells into a detergent-insoluble fraction have previously been shown to promote vigorous neurite outgrowth (Tomaselli et al., 1986) . Therefore, antibodies to the major neuronal receptors for these ECM glycoproteins-the integrins-were tested for inhibitory effects on neurite growth. The I~t subunit of the integrins has been shown to associate with at least five different a subunits in heterodimers that function as receptors for LN, fibronectin, and several collagens (reviewed in Ruoslahti and Pierschbacher, 1987) . Antibodies to the 131 subunit have been shown to virtually eliminate neuronal attachment to these ECM glycoproteins and to prevent neuronal process outgrowth on substrates coated with these proteins, intact ECMs, or the detergent-insoluble exudate produced by Schwann cells (Boczyczko and Horwitz, 1986; Tomaselli et al., 1986; Hall et al., 1987) . When tested alone, however, these antibodies had no detectable effect on the extent of neurite outgrowth by CG neurons on intact Schwann cells (Figs. 1, 3 , and 4 A, b). Since contact with Schwann cell surfaces can promote integrin-independent neurite outgrowth (Tomaselli et al., 1986) , these results suggest that molecules associated with the Schwann cell plasmalemma are likely to be more important than secreted ECM glycoproteins in promoting process outgrowth on intact Schwann cells. As several different CAMs have been shown to promote neuronal process outgrowth on other cells, including N-cadherin on astrocytes and skeletal myotubes, N-CAM on skeletal myotubes, and L1/Ng-CAM on sympathetic axons Chang et al., 1987; Tomaselli et al., 1988) , antibodies and Fab fragments to those CAMs which have been reported to be on Schwann cells-N-CAM, MAG, L1/Ng-CAM, and N-cadherin-were tested for inhibitory effects on Schwann cell-dependent neurite outgrowth.
The cadherins are a family of Ca2+-dependent CAMs that are widely distributed in developing embryos and adult animals (Hatta et al., 1985 (Hatta et al., , 1988 . N-cadherin has been shown previously to be one of three important glycoproteins that promote CG neuron process growth on skeletal myotubes and to be the major protein that promotes process growth by the same neurons on astrocytes Tomaselli et al., 1988) . When tested for effects on CG neuron process outgrowth on Schwann cells, anti-N-cadherin IgG inhibited growth significantly. When added at a saturating concentration (1 mg/ml; see Tomaselli et al., 1988) , anti-N-cadherin IgG reduced neuritic output by '~35% (Figs. 2 and 4 A, f). Control experiments showed that anti-N-cadherin IgG does not inhibit process growth by CG neurons on LN substrates (Fig. 4 B ; Tomaselli et al., 1988) . Previous results have shown that this antibody also does not inhibit neurite outgrowth on fibroblasts . Therefore, the present results indicate that N-cadherin function is involved in CG neuron growth on Schwann cells.
The Ca2+-independent CAM, L1/Ng-CAM, has been shown to be present on both neurons and Schwann cells in developing peripheral nerve (Rathjen and Schachner, 1984; Grumet et al., 1984; Faissner et al., 1984; Nieke and Schachner, 1985; Noble et al., 1985) . This CAM appears to be the same as two independently identified chick antigens named G4 and 8D9 Lemmon and McCloon, 1986) , which have been shown, respectively, to contribute to outgrowth of sympathetic neurons on sympathetic axons (Chang et al., 1987) and to promote neurite outgrowth by several different classes of neurons when purified and immobilized on a substrate (Lagenauer and Lemmon, 1987) . The contribution of L1/Ng-CAM to process growth was tested by culturing CG neurons and Schwann cells in the presence of anti-L1 Fab fragments. The presence of this antibody reduced neurite growth by '~35 % (Figs. 2 B and 4 A,  g ). The concentration used, 1 mg/ml, has been shown to be saturating (Rathjen and Schachner, 1984) . As has been demonstrated for the other anti-CAM IgGs we have used Tomaselli et al., 1988) , the inhibition of process growth by anti-L1 Fab was not due to a nonspecific toxic or growth inhibitory effect, since anti-L1 Fab had no effect on CG neuron growth on LN substrates (Fig. 4 B) . Therefore, the results establish the importance of the Ca ÷÷-independent CAM L1/Ng-CAM as a mediator of neuronal process growth on Schwann cells in vitro.
Since both L1/Ng-CAM and N-cadherin are able to contribute to CG neuron process growth on Schwann cells, we examined the effect of the combination of antibodies to these molecules. When added together, anti-N-cadherin Fab fragments and anti-L1 Fab fragments had a strong inhibitory effect, reducing process outgrowth by almost 60% (Figs. 2  B and 4 A,j) . Two points emerge from these data. (a) Interactions mediated by these two CAMs account for a large proportion of the total neurite growth by CG neurons on Schwann cells. (b) Important contributions must be made by other, as yet unidentified, interactions.
As we had previously shown that ECM molecules secreted by Schwann cells can stimulate CG neuron process growth in an integrin-dependent manner (Tomaselli et al., 1986) , we tested the effects of anti-integrin 13t antibodies in combination with either anti-L1 Fab, anti-N-cadherin Fab, or anti-N-cadherin IgG. Combinations of anti-integrin with Fab fragments of either CAM reduced neurite growth by ~50%, and the combination with anti-N-cadherin IgG was even more effective, reducing growth by ~60% (Figs. 3 and 4 A) . Direct comparisons of the effects of these combinations to the effects of the corresponding CAM antibodies alone (Fig.  4 , compare A,fwith A, k; and A, g with A, i) show that integrin 13~ antibodies reduce process growth consistently when tested in combination. This implies that ECM interactions with integrin receptors do contribute to CG neuron process growth on intact Schwann cells, despite the failure of antiintegrin antibodies alone to inhibit growth significantly. As we have found previously , the inhibition produced by anti-N-cadherin was not due to cross-linking of the antigens, since Fab' fragments of anti-N-cadherin IgG were nearly as effective (Figs. 3 B  and 4, A, h ). The effects of anti-integrin 13~ have previously been shown not to depend on cross-linking (Tomaselli et al., 1986 . As a control for the specificity of the anti-integrin I~ IgG, it has been shown previously that this antibody preparation does not affect process growth of embryonic day 14 CG neurons on astrocytes . Thus, the effects of L1/Ng-CAM, N-cadherin, and integrin 13~ antibodies are substrate specific and are observed using monovalent Fab fragments.
The combination of all three inhibitory antibodies-anti-N-cadherin IgG, anti-L1-Fab, and anti-integrin IgG-reduced CG neuron growth on Schwann cells by ,,085%; '~50% of the neurons grew no neurites in the 7-h test period (Figs. 3  B and 4 A, l) . The effects of these antibodies were on growth and not simply adhesion, since the neurons adhered to Schwann cells in similar numbers in these and control cul- tures, and even extended lamellipodia or short neurites. These results suggest that most neurite growth by CG neurons on Schwann cells is attributable to interactions involving N-cadherin, L1/Ng-CAM, and the integrin I~ family of ECM receptors. The Ca++-independent CAM, N-CAM, has been implicated in a variety of cell recognition events during development (Edelman, 1985) , and participates in CG neuronal fasciculation and process outgrowth on myotubes . We therefore tested antibodies to N-CAM for effects on process growth on Schwann cells. Two different antibodies to N-CAM were used in these experiments. One, the mAb 224-1A6-AI (hereafter referred to as 1A6), does not perturb N-CAM function as assayed by vesicle aggregation or neurite outgrowth (Watanabe et al., 1986; even though it binds well to CG neurons . The second is an N-CAMfunction blocking polyclonal IgG preparation . Neither IgG detectably reduced CG neuron process extension on Schwann cells, either alone (not shown) or in combination with anti-integrin 13, IgG (Figs. 1, 3 , and 4 A, c and d). Fab fragments of 1A6 were not tested; the polyclonal anti-N-CAM Fabs also had no detectable effect (not shown). The results argue that N-CAM is not important for process outgrowth by CG neurons on Schwann cells. In contrast, N-CAM may be involved in dorsal root ganglion neuron outgrowth on Schwann cells (Seilheimer and Schachner, 1988) .
MAG is present on the surfaces of Schwann cells in developing peripheral nerve in vivo and many neurons in vitro (Sternberger et al., 1979; Omlin et al., 1985; Martini and Schachner, 1986) , and may function in neuron-oligodendrocyte adhesion and myelination (Quarles, 1984; Poltorak et al., 1987) . MAG, a member of the immunogobulin superfamily, is structurally related to N-CAM (Salzer et al., 1987) and has recently been shown to function, like N-CAM, as a Ca2+-independent CAM (Poltorak et al., 1987) . Therefore, anti-MAG IgG was tested for effects on CG neuron process outgrowth, in combination with anti-integrin I~ IgG. No effects on neurite growth were seen (Figs. 3 and 4 A, e). These results suggest that MAG is not important in promoting process growth on Schwann cells in vitro. As MAG is expressed on Schwann cells at higher levels in vivo than in vitro (Martini and Schachner, 1986; Poltorak et al., 1987) , it remains possible that it may serve such a role in vivo. In summary, antibodies to two CAMs, N-cadherin and LINg/CAM, had major inhibitory effects on the profuse neurite outgrowth induced by S".hwann cells. Anti-integrin I~J ECM receptor antibodies, which bind to CG neurons and inhibit neuronal interactions with ECM macromolecules, had more subtle effects, detectable when other interactions were diminished. Finally, antibodies to other CAMs present on CG neurons and/or Schwann cells (N-CAM and MAG) had no detectable effects on neurite growth.
Discussion
The major conclusion of this paper is that peripheral motor neurons use three major interactions for process outgrowth on Schwann cells in vitro. As process outgrowth was reduced to <15 % of controls by the inhibition of interactions between integrins and the ECM, N-cadherin and its ligand, and L1/Ng-CAM and its receptor, these appear to be the major interactions through which Schwann cells promote neurite growth in vitro (Fig. 5) . The residual neurite growth in these conditions could be due to incomplete block by the antibodies (see below) or to the presence of additional interactions. A second conclusion is that differences in the rate of neuronal process outgrowth stimulated by different nonneuronal cell types correlate with differences in the molecular interactions underlying this growth. For example, the rates of CG neuronal growth on LN and on fibroblasts (largely due to ECM molecules) are roughly equivalent. Myotubes, astrocytes, and Schwann cells all stimulate growth through ECM molecules as well as various CAMs, and rates of growth on these cells are higher. Differences among these three cell types in their ability to stimulate CG neuron growth probably reflect both quantitative differences in expression of these molecules (e.g., higher levels of N-CAM on myotubes compared to Schwann cells or astrocytes) and qualitative differences in the abilities of the different CAMs and integrins to promote growth. It will be necessary to measure surface levels of ECM molecules, CAMs, and their respective neuronal receptors to determine the relative contributions of such quantitative and qualitative differences.
~~ Schwann cell
L1/Ng-CAM antibodies have also been shown to inhibit process outgrowth by mouse sensory neurons on mouse Schwann cells (Seilheimer and Schachner, 1988) . Thus, L1/Ng-CAM seems likely to mediate process outgrowth by all the classes of neurons whose axons are localized in peripheral nerve. In contrast to our results using chick CG neurons, L1/Ng-CAM antibodies alone had dramatic inhibitory effects on process outgrowth by routine sensory neurons (75-88% reduction). These quantitative differences could reflect more efficient recognition by antibodies of the L1/Ng-CAM on the murine neurons or differences between sensory and CG neurons in the interactions used for process outgrowth. As integrins and N-cadherin are present on sensory neurons (Bozyczko and Horwitz, 1986; Hatta et al., 1987) , the strong inhibitory effects of L1/Ng-CAM antibodies on sensory neuron process outgrowth may reflect, in part, interactions between different classes of adhesion molecules. Consistent with this possibility, L1/Ng-CAM antibodies were also observed to inhibit process outgrowth by murine sensory neurons on collagen substrates (Schachner, M., unpublished observations).
The molecular interactions we have defined each consist of an adhesive molecule on the substrate Schwann cell being recognized by a receptor in the neuronal membrane (Fig. 5) . For interactions involving ECM macromolecules produced by nonneuronal cells, it seems that the neuronal receptors involved are members of the integrin 13~ ECM receptor family (Tomaselli et al., 1986 (Tomaselli et al., , 1987 Bozyczko and Horwitz, 1986; cf. Hynes, 1987; Ruoslahti and Pierschbacher, 1987) . It is likely that the major neurite-promoting ECM protein on Schwann cells is LN, as antibodies to an LN-heparan sulfate proteoglycan complex have been shown to strongly inhibit process growth by CG neurons on. the detergent-insoluble, ECM-containing exudates secreted by Schwann cells in vitro (Tomaselli et al., 1986) . Although receptor interactions with N-cadherin are less well studied, there is also strong evidence that it binds to itself, at least in part, in a "homophilic" interaction (Hatta et al., 1988) . The CG neuronal receptor for N-cadherin, then, may be N-cadherin itself, similar to the situation postulated for N-CAM-mediated interactions (Edelman, 1985) . Recent work has shown that the L1/Ng-CAM glycoprotein also binds to itself in a homophilic interaction; i.e., the major neuronal receptor for L1/Ng-CAM is itself (Grumet and Edelman, 1988) . These workers also observed that binding of LI/Ng-CAM to avian brain astroglia seems to involve a receptor on astroglia distinct from L1/Ng-CAM. As L1/Ng-CAM is present on both the Schwann cells and neurons used in our experiments, homophilic interactions seem likely to be responsible for L1/Ng-CAM-dependent neurite outgrowth on Schwann cells. However, it is possible that heterophilic binding is also important. If so, heterophilic interactions of the avian L1/Ng-CAM with a possible receptor on Schwann cells could account for the residual neurite outgrowth seen in the presence of the three antibodies, as the L1/Ng-CAM antibodies used bind only weakly to the avian molecule (Rathjen and Schachner, 1984) .
Regardless of the details of molecular interactions among the CAMs, the major finding of this paper and our previous work is that both integrin-related neuronal ECM receptors and bona fide neuronal CAMs can function as receptors mediating neurite growth. Thus, substrate-adhesion molecules and CAMs can serve complementary functions in promoting neuronal process outgrowth despite their very different structures.
Similar to our previous findings on other cellular substrates (Tomaselli et al., 1986 , neurons were adherent to their Schwann cell substrate, with lamellipodial extensions, even in conditions which severely inhibited neurite growth. These results, like those of others (Gunderson, 1987; Hall et al., 1987) , indicate that extension of neurites is promoted by a subset of the interactions that promote substrate adhesion. It is likely, therefore, that some adhesive interactions of neurons with Schwann cells (e.g., those mediated by MAG) may have functions that do not include induction of neurite outgrowth. As N-CAM has been shown to be involved in process growth by CG neurons growing on the surfaces of skeletal myotubes, the failure of N-CAM antibodies to inhibit process outgrowth by the same neurons on Schwann cells must reflect differences in either the amount or forms of N-CAM present on myotubes as compared to Schwann cells.
It seems likely, then, that integrins, N-cadherin, and L1/ Ng-CAM are not simply "glue" but stimulate neurite production through intracellular actions via their cytoplasmic domains. There is strong evidence that both integrins and CAMs can bind to cytoskeletal elements (cf. Horwitz et al., 1986; Geiger et al., 1985; Volk et al., 1987; Pollerberg et al., 1986; Hirano et al., 1987) . Whether cytoskeletal interactions of these molecules are necessary for neurite extension remains to be established. In platelets, there is evidence that the binding of integrins to their ligands induces changes in intracellular "second messengers" (Banga et al., 1986) . If the integrins and CAMs involved in neurite growth were to act through a common second messenger, it could explain the apparent additivity of interactions involving the different adhesion molecules (Fig. 5) .
The substrate interactions that promote neurite outgrowth on Schwann cells in vitro are likely to be important in regulating axon growth in vivo, both during development, where there is now evidence that Schwann cells may help promote outgrowth by pioneering motor axons (Noakes and Bennett, 1987 ; Carpenter, E. M., and M. Hollyday, unpublished observations) and in regeneration. Schwann cells are a prominent cellular constituent of the peripheral nerve substrates contacted by regenerating axons (Aguayo et al., 1987) . Expression of these neurite outgrowth-promoting glycoproteins may therefore account for some of the differences in the regenerative potential of peripheral vs. central nerves. As shown in this paper, Schwann cells are by far the best substrate for promoting neurite outgrowth by CG neurons in vitro. Similarly, segments of peripheral nerve containing living Schwann cells are very effective at promoting regeneration in vivo, even of central nervous system neurons that normally do not regenerate (Kromer and Cornbrooks, 1986; So and Aguayo, 1985) . In contrast, the central nervous system does not support regeneration and the major nonneuronal cell types present-astrocytes and oligodendrocytesare much less effective than Schwann cells at promoting neurite outgrowth in vitro. Thus, astrocytes were shown to be fourfold less efficient than Schwann cells at stimulating process outgrowth by CG neurons in vitro. Oligodendrocytes have been shown to contain surface proteins that actually inhibit axon growth in vitro (Caroni and Schwab, 1988) .
Furthermore, regulation of these adhesive glycoproteins on both neurons and their cellular substrates may determine the extent of reinnervation after peripheral and central nerve injury. There is direct evidence that the functions of integrinclass ECM receptors are regulated during development. In particular, older neurons lose responsiveness to many ECM glycoproteins (Cohen et al., 1986 Hall et al., 1987; Tomaselli et al., 1988) and the loss of responsiveness may be regulated by target contact (Collins and Lee, 1982 ; Cohen, J., unpublished observations). Expression of L1/Ng-CAM has also been shown to be developmentally regulated in neuronal and glial cells (Martini and Schachner, 1986) although it is not clear whether L1/Ng-CAM and/or N-cadherin are induced in neurons after denervation. Finally, L1/Ng-CAM is clearly induced in Schwann cells and fibroblasts in injured peripheral nerve (Nieke and Schachner, 1985; Daniloff et al., 1986) . The regulation of N-cadherin has not yet been studied in this system.
While differences in surface-bound adhesive glycoproteins may account for much of the difference between regeneration in peripheral and central nerves, it is also clear that the cells in denervated peripheral nerves are induced to make soluble trophic molecules, most notably nerve growth factor, by lymphokines (e.g., IL-1) secreted by invading macrophages Lindholm et al., 1987) . Thus, trophic factors may also function as inducers of axonal regeneration in denervated peripheral nerves, and it will be important to determine whether the same lymphokines that regulate expression of nerve growth factor also regulate expression of N-cadherin, L1/Ng-CAM, and the integrins.
In conclusion, regulation of CAMs and integrins seems likely to be important in determining the rate and extent of axon growth during development and in regeneration. A more detailed understanding of the factors that regulate their expression could be a major advance in clinical approaches to nerve injury.
